Introduction
The parasitic nematode, Ascaris suum, undergoes a number of wellcharacterized metabolic transitions during its development (Table 14 .1), but little is known about the regulation of these events (Barrett, 1976; . Adults reside in the porcine small intestine and fertilization takes place under low oxygen tensions. The unembryonated 'egg' that leaves the host is metabolically quiescent, has no detectable cytochrome oxidase activity or ubiquinone and appears to be transcriptionally inactive (Cleavinger et al., 1989; Takamiya et al., 1993 a dramatic increase in cytochrome oxidase activity (Oya et al., 1963; Sylk, 1969; Barrett, 1976) . Development to a second-stage larva (L2) occurs within the 'eggshell', takes about 21 days (depending on temperature) and is accompanied by a number of well-defined metabolic changes. For example, glycogen is initially utilized and then resynthesized from stored triglyceride and these larvae are one of the few animals to possess a functional glyoxylate cycle (Barrett et al., 1970; Barrett, 1976) . Both malate synthase and isocitrate lyase, key enzymes of the cycle, increase dramatically at about day 10 ( Barrett et al., 1970) . After the moult to the L2, metabolic rate diminishes significantly and this dormant larva can survive for long periods until ingested by a suitable host. Little is known about the regulation of energy generation in this developmentally arrested state. In fact, these larvae closely resemble the well-studied dauer larva of many free-living nematodes (Larsen et al., 1995; Blaxter and Bird, 1997; Riddle and Albert, 1997; Antebi et al., 1998; Rajan, 1998) . Since dauer larva formation is linked exclusively with the transition to the third stage (L3), some authors have questioned whether this quiescent A. suum larva is actually an L3 and not an L2. In fact, recent evidence strongly suggests that continued larval development within the egg is accompanied by a second moult and that the infective stage is actually an L3, as has been reported for other closely related nematodes (Geenen et al., 1999) . Hatching is triggered in the microaerobic vertebrate gut and the L3 migrates to the liver and the lungs (Saz et al., 1968; Murrell et al., 1997) . Hatched L3s are cyanide-sensitive and have a functional tricarboxylic acid cycle, even though hatching occurs in the microaerobic environment of the gut (Barrett, 1976) . L3s isolated directly from rabbit lungs also are cyanide-sensitive but, interestingly, they appear to contain many of the enzymes necessary for the anaerobic energy-generating pathways operative in fourth-stage larva (L4) and the adult (Saz et al., 1968; Douvres and Tromba, 1971; Urban and Douvres, 1981; Komuniecki and Vanover, 1987; Vanover and Komuniecki, 1989) . Culture of L3s isolated from rabbit lung results in a rapid moult to the L4, the loss of cyanide sensitivity and the appearance of branched-chain fatty acids, characteristic end-products of adult muscle metabolism (Komuniecki and Vanover, 1987; Vanover and Komuniecki, 1989) . The relationship of these cultured L3 and L4 to their in vivo counterparts is unclear. Certainly, many processes are quite similar, but L3s do not develop to adults in rabbits, and the loss of cytochrome oxidase activity that accompanies the moult to the L4 in vivo does not appear to be paralleled in vitro (Vanover and Komuniecki, 1989) .
Anaerobic Mitochondrial Metabolism
The anaerobic metabolism of adult body wall muscle has been well characterized (Komuniecki and Harris, 1995) . Large glycogen stores are converted cytoplasmically to malate, which then enters the mitochondrion and is ultimately converted to a variety of reduced organic acids, including succinate, acetate, propionate and the branched-chain fatty acids (BFA), 2-methylbutyrate and 2-methylvalerate ( Fig. 14.1 ) (Saz and Weil, 1960; Rioux and Komuniecki, 1984; Komuniecki and Harris, 1995) . BFAs are abundant and have a significant impact on a number of aspects of A. suum physiology. For example, they rival chloride as the major anions of the perienteric fluid, are excreted across the cuticle and comprise a substantial portion of the fatty acids found in stored 'egg' triglycerides (Saz and Lescure, 1966; Sims et al., 1992) .
Mitochondria from body wall muscle and probably the pharynx lack a functional TCA cycle and their novel anaerobic pathways rely on reduced organic acids as terminal electron acceptors, instead of oxygen (Saz, 1971; Ma et al., 1993; Duran et al., 1998) . Malate and pyruvate are oxidized intramitochondrially by malic enzyme and the pyruvate dehydrogenase complex, respectively, and excess reducing power in the form of NADH drives Complex II and β-oxidation in the direction opposite to that observed in aerobic organelles (Kita, 1992; Duran et al., 1993; Ma et al., 1993; Komuniecki and Harris, 1995; . Most importantly, the NADH-dependent reductions of fumarate and 2-methyl branched-chain acyl CoAs are coupled to site 1, electron-transport associated, energy generation (Kita, 1992; Ma et al., 1993) . Although most of the key enzymes involved in these pathways have been well characterized , little is known about the nature of the proton gradient in these anaerobic mitochondria or the factors regulating carbon flux and energy generation during muscle contraction. More importantly, these processes may differ substantially from their mammalian counterparts. For example, during vertebrate muscle contraction, Ca 2+ released from the sarcoplasmic reticulum is readily accumulated by muscle mitochondria, where it activates the Ca 2+ -sensitive pyruvate dehydrogenase phosphatase (PDP) and α-ketoglutarate dehydrogenase complex and effectively links contraction and energy generation (Chen et al., 1996; Roche and Cox, 1996) . In contrast, mitochondria from A. suum muscle are not uncoupled when incubated in Ca 2+ , suggesting a limited capacity for high-affinity Ca 2+ uptake, and helminth PDPs and α-ketoglutarate dehydrogenase complexes appear to be Ca 2+ -insensitive (Song and Komuniecki, 1994; Diaz and Komuniecki, 1996) .
It is clear from the above discussion that metabolism in A. suum includes both low activity and high activity states in aerobic, microaerobic and virtually anaerobic environments. Although we are beginning to understand how mitochondria from adult muscle are modified to generate energy in the absence of oxygen, much less is known about mitochondrial biogenesis during these various transitions. A variety of different strategies can be identified from the deletion of non-essential activities to the overexpression of key anaerobic enzymes. More recently, the expression of stage-specific isoforms have been tentatively described. For example, in early aerobic larval stages, Complex II of the mitochondrial electrontransport chain functions as a succinate dehydrogenase, but, in contrast, in adult muscle it functions in the opposite direction as a fumarate reductase (Tielens and Roos, 1994; Saruta et al., 1995) . Kinetic differences between the complexes isolated from the two stages have been well characterized and different stage-specific forms of the Fp subunit have been identified (Furushima et al., 1990; Kuramochi et al., 1994) . Similar observations have been made about the roles of the acyl CoA dehydrogenase and enoyl CoA reductase in the switch from fatty acid oxidation to branched-chain fatty acid synthesis that accompanies the transition to anaerobic metabolism (Duran et al., 1993 (Duran et al., , 1998 .
This chapter focuses on the developmental regulation of the pyruvate dehydrogenase complex (PDC). The PDC plays diverse and pivotal roles in the entry of glycolytically generated carbon into the TCA cycle in aerobic stages and the metabolism of mitochondrially generated pyruvate in anaerobic stages (Fig. 14.1 ).
The Role of the PDC During Development
The PDC catalyses the irreversible oxidative decarboxylation of pyruvate ( Fig. 14.2) . The PDC is a large multi-enzyme complex consisting of three catalytic components: pyruvate dehydrogenase (E1), dihydrolipoyl transacetylase (E2) and dihydrolipoyl dehydrogenase (E3) and, in eukaryotes, an E3-binding protein (E3BP) (Randle, 1986; Roche and Cox, 1996) . PDC activity in higher eukaryotes is regulated by the reversible phosphorylation/dephosphorylation of E1 catalysed by a distinct E1 kinase (PDK) and PDP (Patel and Roche, 1990; Song and Komuniecki, 1994; Roche and Cox, 1996; Bowker-Kinley et al., 1998; Huang et al., 1998a) . Not surprisingly, the PDC plays an important role during a number of the metabolic transitions that characterize A. suum development.
The regulation of PDC activity in the anaerobic body wall muscle mitochondria of the L4 and adult muscle has been extensively characterized (Thissen et al., 1986; Thissen and Komuniecki, 1988; Klingbeil et al., 1997; Chen et al., 1998; Huang et al., 1998b) . Initially, the identification of PDC activity with significant endogenous PDK activity in adult A. suum muscle was surprising, given the sensitivity of this complex and its associated PDK to elevated NADH/NAD + and acetyl CoA/CoA ratios (Thissen et al., 1986; Chen et al., 1998) . NADH and acetyl CoA can inhibit PDC activity directly by end-product inhibition, or indirectly by stimulation of the PDK which catalyses the phosphorylation and inactivation of E1. Therefore, elevation of these ratios during the transition to anaerobic metabolism in A. suum has the potential to phosphorylate and inactivate the PDC when maximal flux through the complex is necessary to fuel a relatively inefficient fermentative metabolism. In fact, in many facultative anaerobes, such as Escherichia coli, the PDC is down-regulated during anaerobiosis and other enzymes better suited to functioning in reduced environments, such as pyruvate : ferridoxin oxidoreductase and pyruvate : formate lyase, are involved in pyruvate decarboxylation (Knappe and Sawers, 1990) . In contrast, in obligate anaerobes, such as Enterococcus faecalis, the PDC is dramatically overexpressed and more resistant to end-product inhibition (Snoep et al., 1993) . Since prokaryotic PDCs are not regulated by covalent modification, activation of a PDK under these conditions is not a problem. Predictably, the regulation of the PDC in adult A. suum body wall muscle appears to be modified to maintain PDC activity under the reducing conditions present in the host gut (Klingbeil et al., 1996; Komuniecki, 1996) . The PDC in adult body wall muscle is abundant; in fact the PDC is more abundant in A. suum body wall muscle than in any other eukaryotic tissue studied to date and approaches 2% of the total soluble protein (Thissen et al., 1986) . The PDC also is less sensitive to end-product inhibition by elevated NADH/NAD + and acetyl CoA/CoA ratios than PDCs from aerobic organisms (Roche and Cate, 1977; Thissen et al., 1986; Chen et al., 1998) . Interestingly, E3, the enzyme responsible for the NAD + -dependent reoxidation of the reduced lipoyl domains of E2, appears to be identical in both aerobic and anaerobic stages. In contrast, the PDC from adult muscle lacks the terminal lipoyl domain found in E3BPs from all other sources (Klingbeil et al., 1996; Komuniecki, 1996) . It appears that the binding of E3 to this 'anaerobic' E3BP significantly reduce the sensitivity of the E3 to NADH inhibition and help to maintain PDC activity in the face of the elevated NADH/NAD + ratios associated with anaerobiosis (Klingbeil et al., 1996) .
Similarly, the regulation of PDK activity is modified in adult muscle PDC. For example, PDK activity is inhibited by pyruvate and propionate (metabolites elevated during anaerobic metabolism) and is less sensitive to stimulation by elevated NADH/NAD + and acetyl CoA/CoA ratios ( Fig. 14.2) (Thissen et al., 1986; Chen et al., 1998) . The effects of NADH and acetyl CoA on PDK activity are mediated by the degree of E3-catalysed oxidation and E2-catalysed acetylation of the inner lipoyl domain of E2 (Roche and Cate, 1977; Roche, 1985, 1987; Ravindran et al., 1996; Yang et al., 1998) , so that the regulation of this phenomenon is complex and involves multiple interacting components.
Not surprisingly, it appears that the stoichiometry of phosphorylation and inactivation of the adult muscle PDC is also altered to prevent its complete inactivation during anaerobiosis (Figs 14.2, 14.3) . In mammalian E1s, each E1α of the α 2 β 2 tetramer contains three distinct phosphorylation sites and, given the specificity of the mammalian PDK, inactivation in vivo is associated primarily with the phosphorylation of site 1 (Fig. 14.3 , Table 14 .2) (Yeaman et al., 1978; Korotchkina and Patel, 1995) . However, phosphorylation at any of the three phosphorylation sites is sufficient for inactivation. More importantly, inactivation is characterized by half-of-thesite reactivity, and phosphorylation in only one of the two E1α subunits results in the complete inactivation of the tetramer and prevents phosphorylation in the other E1α subunit (Korotchkina and Patel, 1995) . In contrast, the E1α in the PDC purified from adult body wall muscle contains only two phosphorylation sites; inactivation is accompanied by substantially Fig. 14.3 . Stoichiometry of phosphorylation/inactivation of the bovine kidney and A. suum E1 isoforms. Adult A. suum PDC was depleted of its E1 component and reconstituted with either bovine kidney E1 or recombinant A. suum E1s containing either the αI or αII isoform (Klingbeil et al., 1997; Huang et al., 1998b ). The hybrid complexes were then assayed for PDC activity and the incorporation of 32 P, as described fully in Thissen et al. (1986) . Upper panel: q, bovine kidney E1; r, E1 isolated directly from the adult A. suum PDC. Lower panel: w, A. suum E1αI isoform; v, A. suum E1αII isoform.
more phosphorylation than observed in the mammalian complex and both E1α subunits of the tetramer are phosphorylated (Fig. 14. 3) (Thissen and Komuniecki, 1988; Huang et al., 1998b) . These differences effectively prevent the complete inactivation of the complex, especially in the presence of PDP activity. Interestingly, in contrast to mammalian PDPs, the A. suum PDP is dramatically stimulated by malate, the major mitochondrial substrate in adult A. suum muscle. This represents yet another regulatory modification designed to maintain the PDC in an active dephosphorylated state ( Fig. 14.2) (Song and Komuniecki, 1994) .
Recently, two E1α isoforms (E1αI and E1αII) have been identified in cDNA libraries prepared from adult A. suum muscle which are 90% identical at the predicted amino acid level (Johnson et al., 1992; Huang et al., 1998b) . However, the predicted amino acid sequence of E1αI contains only two phosphorylation sites (Ser-203 is changed to Ala) and it appears to be identical to the E1α isolated directly from adult muscle (Table 14. 2). In contrast, E1αII contains the three phosphorylation sites identified in mammalian E1s and appears to be most abundant in the L3. Both isoforms have been functionally expressed in E. coli with a musclespecific β-subunit and the affinity-purified proteins used to reconstitute PDC activity in an adult A. suum muscle E1-deficient PDC (Huang et al., 1998b) . Both of the E1 isoforms appear to be modified to decrease the effectiveness of phosphorylation in the inactivation of the complex and to maintain PDC activity in the presence of PDK and the stimulatory reducing conditions encountered in the host gut. For example, substantially more phosphate is incorporated into E1αI than E1αII as inactivation proceeds, as observed in the native PDC isolated from body wall muscle (Fig. 14.3) . In contrast, E1αII exhibits a stoichiometry of phosphorylation/inactivation identical to that observed for E1s isolated from aerobic organisms (Fig. 14.3) . However, E1αII is phosphorylated more slowly than E1-αI, which minimizes the effects of PDK stimulation on PDC activity. Whether a different PDK isoform is present in aerobic larval stages with greater activity toward E1αII remains to be determined. 
PDC and Metabolic Transitions
In contrast to the regulation of PDC activity in anaerobic muscle, much less is known about the PDC during other metabolic transitions. Clearly, during the first few days of embryonic development, prior to the synthesis of ubiquinone and cytochrome oxidase and the switch to lipid metabolism, the PDC must be responsible for the metabolism of pyruvate generated by the rapid glycogen depletion that accompanies these early cell divisions. Substantial lactate formation in the enclosed environment of the 'eggshell' would lead to rapid acidification and could be catastrophic. Although little is known about the regulation of PDC activity in this environment, the absolute amounts of PDC appear to decrease as development proceeds. In addition, immunoblotting with affinity-purified antisera raised against the subunits of the adult muscle PDC indicated that the muscle E3BP is not present in the early aerobic embryonic and larval stages ( Fig. 14.4) . Further, the apparent mobilities of the E1α and E1β subunits are also different, suggesting the presence of additional, as yet unidentified, stage-specific isoforms (Klingbeil et al., 1996) (Fig. 14.4) . Recently, a sperm-specific E1β subunit has been identified which, based on immunoblotting, appears to persist during early embryonic development . Mitochondria from both sperm and oocytes, in contrast to mitochondria from adult muscle, contain dramatically elevated levels of many of the TCA cycle enzymes, although a functional cycle does not appear to be Fig. 14.4 . Expression of subunits of the pyruvate dehydrogenase complex during the development of A. suum. Homogenates of different A. suum larval stages and adult tissues were immunoblotted with polyclonal antisera prepared against individual subunits of the A. suum PDC isolated from adult muscle, as described in detail in Klingbeil et al. (1996) . UE, unembryonated egg; M, adult body wall muscle; p45, E3-binding protein (E3BP).
operative . Whether these elevated enzyme levels are a 'preadaptation' to aerobic energy generation during early embryogenesis is unclear, but the numerous paternally derived mitochondria that are present in the unembryonated 'egg' do not appear to persist once embryogenesis is initiated. Whether these 'paternal mitochondria' play a metabolic role during the first few days of development remains to be determined (Anderson et al., 1995) .
After the L3 hatch in the microaerobic environment of the vertebrate gut, the PDC again must be involved in the anaerobic metabolism of the 278 R. Komuniecki and P.R. Komuniecki   Fig. 14.5 . Composite of Northern blots prepared with RNA isolated from different A. suum larval stages and adult tissues and probed with A. suum cDNAs specific for E1αI (Johnson et al., 1992) ; E1αII (Johnson et al., 1992) ; E1βI (Wheelock et al., 1991) ; E1βII ; E3BP, E3-binding protein (p45); E3; ER, enoyl CoA reductase (Duran et al. 1993 (Duran et al. , 1998 ; AAT, adenine nucleotide translocase; α-tubulin. UE, unembryonated 'egg'; L1, first-stage larva; L2, second-stage larva; L3, third-stage larva; M, adult muscle; O, ovaries plus oviducts; T, testis.
glycogen resynthesized during the formation of the L1 and prior to the entry of the L3 into the more aerobic environment of the luminal epithelium on its journey to the liver. Again, little is known about the regulation of the PDC during this migration, but both Northern and Western blotting suggest that genes coding for the subunits of the PDC present in adult muscle all appear to be significantly expressed in rabbit lung-derived L3s (Wheelock et al., 1991; Johnson et al., 1992; Huang and Komuniecki, 1997) (Figs 14.4, 14.5) . These larvae are aerobic and cyanide-sensitive and their muscle mitochondria contain substantial cytochrome oxidase activity; thus the function of these 'anaerobic' isoforms is unclear. However, recent histochemical studies suggest that both cytochrome oxidase (an enzyme of aerobic pathways) and the 2-methyl branched-chain enoyl CoA reductase (a key enzyme of anaerobic pathways) are present in the same mitochondria (Mei et al., 1997) . Whether this pattern of expression represents another preadaptation to the 'anticipated' microenvironment on the lumen or is simply an artifact of altered development in rabbits remains to be determined.
Concluding Remarks
In summary, it is clear that A. suum undergoes a number of metabolic transitions during development and, in the case of the pyruvate dehydrogenase complex at least, is constantly fine-tuning the subunit-specific expression and function of the PDC during the course of development.
